Three hundred bacterial isolates from soil were tested for resistance against phosphinothricin [PPT; phosphinic acid], the active ingredient of the herbicide BASTA. Eight resistant bacterial strains and Escherichia coli were analyzed for PPT-transforming activities. At least three different enzymatic reactions could be detected in cell extracts. In six strains an acetyltransferase was active, synthesizing N-acetyl-PPT in the presence of PPT and acetyl coenzyme A. All strains could degrade PPT to its corresponding 2-oxoacid {2-oxo-4-[(hydroxy)(methyl)phosphinoyl] butyric acid} by transamination. Rhodococcus sp., the only tested strain that was able to utilize PPT as a sole source of nitrogen, formed 2-oxo-4[(hydroxy)(methyl)phosphinoyl]butyric acid by oxidative deamination. This enzymatic activity was inducible by L-glutamic acid or PPT itself but not in the presence of NH4'. D-PPT transformation was not detectable in any of the investigated strains.
Three hundred bacterial isolates from soil were tested for resistance against phosphinothricin [PPT; DL-homoalanin-4-yl(methyl)phosphinic acid], the active ingredient of the herbicide BASTA. Eight resistant bacterial strains and Escherichia coli were analyzed for PPT-transforming activities. At least three different enzymatic reactions could be detected in cell extracts. In six strains an acetyltransferase was active, synthesizing N-acetyl-PPT in the presence of PPT and acetyl coenzyme A. All strains could degrade PPT to its corresponding 2-oxoacid {2-oxo-4-[(hydroxy)(methyl)phosphinoyl] butyric acid} by transamination. Rhodococcus sp., the only tested strain that was able to utilize PPT as a sole source of nitrogen, formed 2-oxo-4[(hydroxy)(methyl)phosphinoyl]butyric acid by oxidative deamination. This enzymatic activity was inducible by L-glutamic acid or PPT itself but not in the presence of NH4'. D-PPT transformation was not detectable in any of the investigated strains.
Phosphinothricin [PPT; DL-homoalanin-4-yl(methyl)phosphinic acid] is produced as part of a dialanyl tripeptide by several Streptomyces strains. It was first isolated from Streptoinyces i'ridochrormogenes and characterized as an antibiotic (1) . The compound also has herbicidal activity and is the active ingredient of the herbicide Hoe 39866 (HOECHST AG) with the proposed common name glufosinate ammonium. PPT was shown to be a potent inhibitor of glutamine synthetase in Escherichlia coli (1, 3) and plants (7, 13) . Its herbicidal action is due to the light-dependent accumulation of ammonia (11, 24) . Soil studies suggest that PPT is rapidly inactivated and biologically transformed to degradation products (17) . As the major catabolite in soil 3-methylphosphinico-propanoic acid was identified (8) .
So far nothing is known about the effect of PPT on growth of soil microorganisms and the strains and enzymes involved in its metabolism. Therefore an investigation was conducted to determine the degree of PPT resistance and utilization among soil bacteria and to study its degradation in isolated strains from soil under laboratory conditions. In this article we describe the formation of two PPT metabolites by three different enzymatic reactions in nine strains investigated. The initial steps of PPT degradation by soil bacteria and their role in PPT resistance and utilization are discussed.
MATERIALS AND METHODS
Isolation and selection of soil microorganisms. Soil samples (clay loam soil) were taken from a barley field (Hattersheim, Federal Republic of Germany) that had been exposed to two successive annual applications of BASTA (commercial formulation of the herbicide PPT) (HOECHST AG). One gram of soil was extracted with 10 ml of 0.5% sodium hexametaphosphate solution for 1 h at room temperature. The solution was plated in a series of dilutions on agar plates containing 0.5% yeast extract and 2 mM glucose. Single colonies appeared after 2 to 3 days of incubation at 28°C. A total of 300 colonies were isolated and screened for resistance against PPT on agar plates as well as in liquid cultures by growing them for 5 days at 28°C in a medium containing 5 Microbial characterization. The bacterial strains chosen for the PPT degradation experiments and enzyme studies were characterized by Gram staining and light microscopy and identified by using the semiautomated microbial identification test strips API 20E (for Enterobaciteriaceae) and API 20NE (for non-Enterobaciteriaceae) from API bio Merieux, Nurtingen, Federal Republic of Germany. Isolation and identification of Rhodococucis sp. strain DX-35 and PseuidootIOtias paucmobilis FX-90 have been described earlier (19) .
Degradation experiments with resting cells. Bacterial cells were harvested in the mid-exponential growth phase by centrifugation (8,000 x g, 12 min, 4°C), washed with 50 mM potassium phosphate buffer (pH 7.2)-80 mg of chloramphenicol per liter, and suspended in the same buffer. The test solutions contained cell suspension (0.2 to 0.5 mg of protein per ml), 1 mM 3,4-'4C-labeled DL-PPT, and, in the inhibition experiments, 10 mM aminooxyacetic acid (AOA). The volume was 1 to 5 ml, depending on the number of samples taken. The incubation was performed in a shaking water bath (30°C, 2 Hz). Samples of 500 [LI were withdrawn at 20-min intervals, and cells were removed by centrifugation. After a passage through membrane filters (pore size, 0.2 iim) the samples were analyzed by high-pressure liquid chromatography on ion-exchange columns (250 by 4.6 mm; Nucleosil SB; Macherey and Nagel, Duren, Federal Republic of Germany) with Na2SO4 as an eluent. PPT and degradation products were detected and quantified by a radioactivity monitor with a glass solid scintillator (Ramona D; Isomess, Straubenhardt, Federal Republic of Germany).
Preparation of cell extracts. Soil isolates were grown in mineral salts medium (400-ml cultures) for 2 days under the conditions described above. Cells were harvested by centrifugation, washed twice in 10 mM NaCI-10 mM NaH2PO4 (pH 7.0), and suspended at 1.7 (23) (1 U is equal to 1 p.mol of NH4' released per min).
Oxygen consumption was determined by the conventional Warburg technique (21) . Warburg flasks contained in the main compartment 1.5 ml of cell extract (1.7 mg of protein) and in the sidearm 20 ,umol of DL-PPT in 200 .I of water. Adsorption solutions for CO2 were omitted. After the reaction was started by the addition of PPT to the main compartment, 02 consumption was followed for 60 min at 28°C. At the end of the experiment PPT-released NH4' was determined spectrophotometrically.
Enzyme assay of L-PPT transaminase. L-PPT transamination was quantified by measuring the formation of L-PPT RESULTS PPT-susceptible and PPT-resistant bacteria. To determine the degree of PPT resistance among soil microorganisms, bacterial isolates from a PPT-treated soil were cultivated on agar plates containing a complete mineral medium with L-PPT added at different concentrations (0.1 to 40 mM). More than 90% of 300 isolates tolerated concentrations as high as 40 mM, whereas less than 5% were inhibited by PPT concentrations above 1 mM. The most susceptible bacterium, however, was the laboratory strain E. coli DH-1, which therefore was included in our investigations. Resistant microorganisms could be differentiated into two groups: one group was able to utilize L-PPT as a sole source of nitrogen, whereas the other was not. As members of the first group Rhodococcils sp. and Pseuidomotnas pauicimobilis were identified in an earlier investigation (19) . Agrobacteriium tuimefaciens, Alcaligenes sp., Alcaligenesfaecalis, Pseiudomonas sp., Serratia plyinuthica, Enterobacter sp., and Enterobacter aggloinerans tolerated high concentrations of PPT but could not utilize the compound as a nitrogen source.
Transformation of PPT by resting cells. The metabolism of PPT was first studied in resting cells of Rhodococcus sp., a strain representing the group of L-PPT-utilizing bacteria, which therefore was expected to express PPT-transforming activity. Intact cells of Rhodococcus sp. were able to transform PPT into PPO, the corresponding 2-oxoacid of the compound. However, deamination rates did not exceed 50% of the applied racemic mixture of DL-PPT, indicating a specificity of the PPT-transforming reaction only for the L isomer of the substrate. The specific PPT-transforming activity in cells of Rhodococcus sp. depended on the nitrogen source in the culture medium (Table 1) . In cells grown with L-glutamate, PPT transformation rates were similar to those with L-PPT itself, but with NH4+ they decreased drastically. Moreover, the addition of AOA, an inhibitor of pyridoxalphosphate (PLP)-dependent enzymes (9) Thin-layer chromatography (TLC) analyses of metabolites for three typical strains are given in Fig. 1 . PPO, the corresponding 2-oxoacid of PPT, was identified as the main catabolite of Rhodo occuis sp. Its formation did not depend on the addition of any cofactor. Small amounts of Nacetyl-PPT could also be detected (Fig. 1, lanes la through   c) . In A. faccalis, a PPT-resistant strain, N-acetyl-PPT formation was the major PPT-transforming reaction. It depended on the addition of acetyl-CoA. Without any cofactor no transformation was detectable, but with 2-oxoglutaric acid and PLP small amounts of PPO were formed (Fig. 1,   lanes 2a through c) . Even in cell extracts of E. co/i, a PPT-susceptible bacterium, PPO was produced when 2-oxoglutaric acid and PLP had been added (Fig. 1, lanes 3a   through c) . In all strains tested, at least one-half of the radioactive DL-PPT added to the assay mixtures remained unchanged, suggesting that the PPT-transforming activities were specific for only one isomer of the racemate.
Properties of PPT-metabolizing enzymes. (Fig. 3, lane 1) . However, the rate of N-acetyl-PPT formation of A. ftieca{tlis cell extracts could be increased about 10-fold to a specific activity of 20 mU/mg of protein when the culture medium contained additional 10 mM L-PPT. Similar results were obtained for Alcaligenes denitriifi(cans. Six out of nine strains investigated were capable of synthesizing N-acetyl-PPT when L-PPT and acetylCoA were added to the cell extracts.
(ii) PPT oxidase. In the absence of any cofactor, cell extracts of Rhodoc oc cu(s sp. showed a PPT-deaminating activity when the strain was grown on PPT as a nitrogen source. The rate of NH4 + release could not be increased by the addition of NAD or NADP '. In a Warburg experiment, 0.7 mmol of 02 was consumed per mmol of PPT, suggesting that the deamination of PPT was performed by an oxidase rather than by a dehydrogenase. Theoretically a ratio of 0.5 would be expected. When cultivated on PPT as a nitrogen source. cell extracts of Rhodococcus sp. incubated with 9 mM L-PPT were able to release NH4 at a specific activity of 80 to 120 mU/mg of protein. (Table 1 ). The lower activity in intact cells compared with cell extracts might be due to a reduced contact between substrate and enzyme caused by the bacterial cell wall. Besides PPT, 17 other amino acids could also be deaminated, 7 of them at rates even higher than that with PPT as a substrate. The low rates of NH4' release measured with the test substrates D-PPT, L-threonine, L-proline, and glycine were expected because of the inability of the organism 4 CL 0n to utilize these amino acids as a sole source of nitrogen ( Table 2 ). The PPT-deaminating activity could also be induced by growing the strain on L-glutamic acid as a nitrogen source. The specific deamination rates of all amino acids were similar, irrespective of whether L-glutamic acid or L-PPT was offered as a nitrogen source. With NH4' in the growth medium, the deaminating activities for PPT and other amino acids were drastically reduced. In accordance, TLC analyses showed that NH4+-grown cells could not oxidize PPT to PPO without any cofactor (Fig. 3, lane 2) . Diauxic utilization of nitrogen sources was observed in medium containing both NH4' and PPT; the NH4+ was used first.
PPT oxidase activity was detectable only when the NH4' concentration was below 0.02 mM (data not shown).
(iii) PPT transaminase. Cell extracts of all investigated strains were able to degrade PPT to PPO when 2-oxoglutaric acid and PLP were added ( Fig. 1 and 3) , indicating the presence of a PPT-transforming aminotransferase. Since transaminase-catalyzed reactions are known to be reversible, the ability of all strains to synthesize PPT from PPO and L-glutamic acid in the presence of PLP confirmed the existence of a PPT-transaminating activity. The conversion of PPO to PPT was completely blocked either by the addition of 1 mM AOA or in the absence of an NH2 donor. Accordingly, in resting cells of Rhodococcus sp. grown with NH4' as a nitrogen source, which lack the oxidase activity, the remaining PPT-transforming reaction could be inhibited up to 100% by the addition of 10 mM AOA (Table 1) . Inhibition of transamination in living cells by AOA has also been reported for phenylglycine transaminase in Pseludomonas putida (22) .
Glutamic acid and glutamine were the only protein amino acids serving as effective amino group donors in Rhodococciis sp. and E. coli, whereas in A. faecalis some other amino acids also showed detectable activities. However, the highest activities for all three strains tested were observed with L-glutamic acid (Fig. 4) . D-Amino acids were inactive in the transamination reaction.
The stereospecifity of PPT synthesis by enzymatic transamination could be demonstrated by incubating PPT, formed through transamination, with cell extracts from A. faecalis and an excess of acetyl-CoA. The PPT was quantitatively acetylated, indicating that the transaminase, like the other two PPT-metabolizing enzymes, was specific only for the L isomer of the compound (data not shown). 
DISCUSSION
Three different L-PPT-metabolizing enzymes were found in soil microorganisms: a PPT oxidase, a PPT transaminase, and a PPT N-acetyltransferase. The distribution of the enzymes among the investigated strains is summarized in Table 3 . Two of them, the oxidase and the transaminase, were also detectable in resting cells of Rhodococclus sp.
As products of these enzymes, PPO, the corresponding 2-oxoacid of PPT, and N-acetyl-PPT were identified (Fig. 5) (12) .
The PPT N-acetyltransferase was identified as an enzyme of PPT-resistant soil microorganisms. An enzyme catalyzing a similar reaction is involved in the biosynthesis of the PPT-containing herbicide bialaphos, produced by Streptomyces hygroscopicuis (10, 14) , and it confers resistance to microorganisms and transgenic plants (5, 20 [N-(phosphonomethyl) glycine], where bacteria have been isolated, degrading the molecule either from its C or from its P terminus (15, 18) .
In field application, PPT concentrations in soil are below 1 mM. Because of the multiple occurrence of PPT-degrading enzymes and the widespread PPT tolerance among microorganisms, we expect that this herbicide will not harm most common soil bacteria. However, with the applied method of isolating bacteria we tested only a small spectrum of the microflora. Further investigations on the response of different soil and rhizosphere microorganisms to PPT and its degradation products would be desirable. Also, the degradation of D-PPT in soil is not yet understood.
